混合原子価ポリオキソメタレートの合理合成法の開発と誘電特性に関する研究 by 中村, 一平
(Study on rational synthesis and dielectric 



























































1-1 Mo 12 POM
X
[PMoVI12O40]3  ( = [(PO4)(MoVIO3)12]3 )
12 MoO3
Mo +6 MoO3
1-1 Mo 12 POM









1-2-1 [PW12O40]3 POM :W, :O, : P
POM













[PMoVI12O40]3- Mo 6 4 [PMoIV12O40]27-
24  ( 1-2-4)






{PMo12O40} 2 V {PMo12O40(VO)2}
{PMo12O40} V






7 W 18 POM [(SeO3)2W18O54]4-
SeO3 Se
W POM 4 6 7
(
1-2-6)





























1-3-2-2 (a)TF-CA 9 (b) TTF-CA
1.4 


















[1] (a) D.-L. Long, R. Tsunashima and L. Cronin, Angew. Chem. Int. Ed., 2010, 49, 
1736; (b) Y.-F. Song and R. Tsunashima, Chem. Soc. Rev. 2012, 41, 7384. 
[2] (a) I. V. Kozhevnikov, Chem. Rev. 1998, 98, 171; (b) Q. Yin, J. M. Tan, C. Besson,Y. 
V. Geletii, D. G. Musaev, A. E. Kuznetsov, Z. Luo, K. I. Hardcastle and C. L. Hill, 
Science, 2010, 328, 342. 
[3] (a) J. T. Rhule, C. L. Hill and D. A. Judd, Chem. Rev. 1998, 98, 327; (b) D. Vittecoq, 
R. Woerle, F. Barre-Sinoussi and J. C. Chermann, Biomed. Pharmacother, 1988, 42, 35; 
(c) N. Gao, H. Sun, K. Dong, J. Ren, T. Duan, C. Xu and X. Qu, Nature Commun., 2013,
5, 3422; (d) S. Y. Lee, A. Fiene, W. Li, T. Hanck, K. A. Brylev, V. E. Fedorov, J. Lecka, 
A. Haider, H. J. Pietzsch, H. Zimmermann, J. Sévigny, U. Kortz, H. Stephan and C. E. 
Müller, Biochemical Pharmacology, 2015, 93, 171. 
[4] (a) P. He, B. Xu, H. Liu, S. He, F. Saleem and X. Wang, Scientific Reports, 2013, 3, 
1833; (b) J. Tian, Z. -Y. Xu, D. W. Zhang, H. Wang, S. H. Xie, D. -W. Xu, Y. H. Ren, 
H. Wang, Y. Liu and Z. T. Li, Nature Commun., 2016, 7, 11580; (c) M. D. Symes and 
L. Cronin, Nature Chem., 2013, 5, 403; (d) B. Rausch, M. D. Symes, G. Chisholm and 
Leroy Cronin, Science 2014, 345, 1326. 
[5] (a) H. Wang, S. Hamanaka, Y. Nishimoto, S. Irle, T. Yokoyama, H. Yoshikawa and 
K. Awaga, J. Am. Chem. Soc., 2012, 134, 4918; (b) N. Kawasaki, H. Wang, R. 
Nakanishi, S. Hamanaka, R. Kitaura, H. Shinohara, T. Yokoyama, H. Yoshikawa and K. 
Awaga, Angew. Chem. Int. Ed. 2011, 50, 3471. 
[6] (a) J. J. Borrás-Almenar, J.M. Clemente, E. Coronado and B.S. Tsukerblat, Chemical 
Physics, 1995, 195, 1; (b) J. Lehmann, A. Gaita-Ariño, E. Coronado and D. Loss, 
Nature Nanotechnol., 2007, 2, 312. 
[7] C. Busche, L. Vilà-Nadal, J. Yan, H. N. Miras, D. -L. Long, V. P. Georgiev, A. 
Asenov, R. H. Pedersen, N. Gadegaard, M. M. Mirza, D. J. Paul, J. M. Poblet and L. 
Cronin, Nature, 2014, 515, 545. 
[8] N. ikeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K. Kaku-rai, Y. Murakami, K. 
Yoshii, S. Mori, Y. Horibe and H. Kito, Nature, 2005, 436, 1136. 
[9] K. Kobayashi, S. Horiuchi, R. Kumai, F. Kagawa, Y. Murakami and Y. Tokura, 




MoO4  + a a/2H2O 1 
pH POM
POM pH  1 0 < a < 2
POM
12MoO4 + 24H+ + PO4 12O40]  + 12H2O 2 
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Mo 36  POM  154 
POM Na15[Mo154O462 (H2O)70]0.5[Mo152O457 (H2O)68]0.5({Mo154/152}) 
MoO4  + aH + S2O42- {Mo154/152}+ a/2H2O + 2SO32- 3 
pH 1 Mo 0.07
POM 2-1 1 pH = 1 
4 36 POM POM
POM


















POM{Mo154/152} pH = 1 Na2S2O4
([Mo]: [Na2S2O4] = 1: 0.07) 3
153MoO42- + 266H+ + 14S2O42-
3)154H14(H2O)70]0.5[(MoO3)152OH14(H2O)68]0.515- + 28SO32- + 55.5H2O 
pH R
= [S2O42-]/[MoO42-] 20 pH(1, 2, 3, 4) R (0.07, 0.14, 0.23, 
0.56 ,0.90) 24 2-2-1 pH
R
2-2 pH R
24 (1, 0.07), (2, 0.07), (2, 0.14) 3 Na
2-2 (1, 0.07) Müller
X





4 pH = 2











Crystal system orthorhombic triclinic triclinic triclinic triclinic orthorhombic triclinic 
Space group - - - - P Cmcm P
a, Å 31.15 30.700 29.45 29.06 30.785 53.6031(18) 29.271(14) 
b, Å 53.51 33.270 33.90 33.37 32.958 31.2921(11) 33.604(12) 
c, Å 66.52 47.419 44.74 43.94 47.318 66.819(2) 44.781(18) 
deg 90 90.837 91.08 90.84 90.53 90 91.40(3) 
deg 90 90.178 91.35 91.44 89.86 90 91.44(4) 
deg 90 96.987 97.04 96.08 96.85 90 97.55(3) 
V (Å
3













(1, 0.07 0.09), (2, 0.07
0.56), (3, 0.07 0.23) 13
POM (1, 0.07) pH R (2 4, 0.07)


















NH4(3, 0.07) NH4(3, 0.14) {Mo138} 
[6] 
Crystal lattice monoclinic monoclinic monoclinic 
Space group - - C2/m
a, Å 30.65 30.78 30.3344(4) 
b, Å 49.84 50.09 49.5012(7) 
c, Å 29.34 29.46 29.0565(4) 
deg 90 90 90 
deg 97.04 96.94 96.785(1) 
deg 90 90 90 
V (Å
3

























POM 7 POM 2-4-2-4
2-4-2-3 {S2Mo18} Mo :O :S
2-4-2-4 {S2Mo18}
TBA 2-4-2-2
(2 4, 0.56) (1 4, 0.9)





SO3 8 2-4-2-6 {S4Mo6}
{S2Mo18}


































Sb Hetero-POM Reaction solvent Ref 
SiO44  ~10 0.33 [(SiO4)(MoO3)12]4  water 10 
PO43  12.3 0.25 [(PO4)(MoO3)12]3  water 11 
AsO43  11.5 0.25 [(AsO4)(MoO3)12]3 water 11 
P2O74  9.25 0.22 [(P2O7)(MoO3)18]4 water/acetonitrile 12 



























m Mo Sb 2 m/3

























4 PhPO3 Mo-O-P {S2Mo18}
POM UV-vis-NIR
2-8-2 688 1050 nm
IVCT
2-8-2 (TBA)5[Na(SO3)2(PhPO3)4MoV4MoVI14O49]nMeCN UV-vis-NIR
 (0.13 mM in MeCN)





(DMSO; 5 ml, 0.1 M H2SO4; 5 ml)
2.9
2 POM
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Keggin POM [PVMoV2MoVI10O40]  [BIIIWVI12O40]
BI
(BI)5[PMoV2MoVI10O40] 4DMF nH2O (1) 
(BI)5[BWVI12O40] 4DMF nH2O (2) 
X CHN {PMo12}
31P NMR






Crystal system Triclinic 
Space group P P
a, Å 11.9970(7) 12.0275(4) 
b, Å 12.9020(7) 12.9977(4) 
c, Å 14.6379(8) 14.4568(5) 
deg 114.6658(7) 114.8192(3) 
deg 106.7857(7) 106.1529(3) 
deg 95.9885(7) 95.9987(4) 
V (Å
3
) 1904.30(18) 1905.78(11) 
Z 1 2 
Temperature/K 117 
Reflections measured 22708 22063 
Independent reflections 16942 8655 
Rint 0.0285 0.0163 
R1  0.0498 0.0537 
wR2 0.1425 0.2378 
3-2-1 117 K 1
Keggin POM 5 BI A-D
2 BI POM
( 3-2-2, 3-2-4) POM (P or B)
POM
3-2-2, 3-2-3 POM 5
Keggin POM
3-2-1 1 5
BI A-E 2 A
BI
















2 12.028 Å 12.998 Å 14.457 Å
3-2-3  POM P or B N
1 P1
Flack parameter 0.07 Flack parameter
0































2 6.671 Å 6.671 Å 5.617 Å 5.617 Å 6.168 Å
3-2-2 1 2
3-2-3 X
3-2-4 1 2 2
3.3 
1, 2 20 300 K 1 kHz 1 MHz
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1 Kegin POM MoV2MoVI10 5.83
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3.04 g H2O 25 ml 2.7 ml Na2S2O4
 0.15 g 30




600-1100 nm IVCT Inter valence charge transfer
Mo-blue
4-1-1-1 20 (pH(1 4), R(0.07, 0.14, 0.23, 0.56, 0.90))
UV-vis-NIR Mo-blue
MoV-MoV
400  500 nm Mo-brown
POM
4-1-1-1 POM{Mo154/152} UV-vis-NIR
4.1.1 pH R 24
UV-vis-NIR R = 0.07 (1 4, 0.07)
pH 700 nm IVCT
4-1-1-2 pH 1 3










(1 4, 0.07) UV-vis-NIR
(1 4, 0.07) R R = 0.14, 0.28 (1 4, 0.14) (1 4, 0.23)
pH 700 nm IVCT
4-1-1-3, 4-1-1-4 R = 0.07
pH R Mo-blue
MB-blue

















(1 4, 0.23) UV-vis-NIR
R R = 0.56 (1 4, 0.56) pH = 1, 2
700 nm IVCT
4-1-1-5 pH = 3
700 nm IVCT 4-1-1-6 pH = 4
700 nm 500 nm
Mo-brown



















 pH 3 
 pH 4
(1 4, 0.56) UV-vis-NIR
R R = 0.90 (1 4, 0.9) pH = 2
700 nm 4-1-1-7
pH = 1 700 nm
IVCT 4-1-1-8 pH = 3, 4 500 nm
Mo-brown









































[(C4H9)4N]5H[S2Mo18O60] (C80H181N5Mo18O60S2) wt% ( ): 
C,24.48(24.24); H,4.64(4.60); N,1.95(1.77) 





Crystal system Orthorhombic 
Space group P212121
a, Å 18.0117(2) 
b, Å 27.1840(5) 








Temperature / K 173 
Reflections measured 147665 
Independent reflections 31543 
Rint 0.0506 

























Reflections measured 32171 
Independent reflections 3393 
Rint 0.1239 




Na2MoO4 (12.6 mmol) H2O 25 mL (32 %) 3.0 mL
Na2S2O4 (2.30 mmol) Na3PhPO3 (3 mmol) pH =1
10 mL 30 3




[(C4H9)4N]5[NaS2P4Mo18O67] (C104H200N5Mo18O67S2P4) wt% ( ): 
C, 27.48(27.57); H,4.20(4.45); N,1.48(1.55). 




1630 1094 984 965 881 823 739 544 494 
Reported 
[3] (cm 1) 
















Temperature / K 173
Reflections measured 61365
Independent reflections 17768 
Rint 0.1516 





H3[PMo12O40] nH2O 1.4 g MeOH 15 ml 
 (PPh3) 0.15 g MeCN
POM A
1 : (Benzimidazolium)5[PMoV2MoVI10O40] 4DMF nH2O  
0.3 g DMF 5 mL 0.5 mL H2O 0.5 mL
A 5 mL
(Benzimidazolium)5[PMoV2MoVI10O40] 4DMF (C47H65N14Mo12O45P) wt% 
( ): C, 20.57 (20.69); H, 2.55 (2.38); N, 6.98 (7.18). 
IR (cm-1): 1647, 1618, 1448, 1383, 1263, 1238, 1055, 870 746.  
2 : (Benzimidazolium)5[BWVI12O40] 4DMF nH2O 
1 Benzimidazole 0.3g (mol) DMF 5 mL
0.5 mL H2O 0.5 mL K5[BW12O40] 0.9 g  5 mL
2
(Benzimidazolium)5[BWVI12O40] 4DMF (C47H65N14W12O45B) wt% (
): C, 15.04 (14.99); H, 2.00 (1.73); N, 5.10 (5.21).  
IR (cm-1): 1649, 1618, 1448, 1383, 1265, 1236, 1001, 956, 903, 822, 750. 
3 : (PPh4)4H[PMoV2MoVI10O40] 4DMF (3) 
PPh4 Cl  0.15 g  5 ml A 15 ml
DMF 5 ml 1
X 1 4
(PPh4)4H[PMoV2MoVI10O40] 4DMF (C108H109N4Mo12O44P5) wt% ( ): 
C, 37.23 (37.33); H, 3.40 (3.14); N, 1.59 (1.61).  
IR (cm-1): 1439, 1109, 1057, 947, 800, 723, 688, 528.  
NMR
1, 3 POM 31P NMR
20 mg DMSO 0.5 mL(DMSO-d6:DMSO = 1 : 4)
 = 0 ppm 85% H3PO4 31P NMR
5.9 ppm 2  [PMoV2MoVI10O40]5-




[PMoVI12O40]3- -2.9 [5] 
[PMoV1MoVI11O40]4- 0.8 [5] 
[PMoV2MoVI10O40]5- -5.8 [5] 
1 -5.9 This work 







1 nm 1200 nm 200 nm
4.3.2 IR
 IR Thermo Electron NICOLET AUATAR 370 DTGS
4000 ~ 400 cm-1 4 cm-1 KBr
4.3.3 NMR




X Rigaku Mini Flex 600
2 5 20
4.4.2 X
Rigaku Mercury CCD K (Mo- Bruker SMART APEX 2 Ultra 
(Mo-
4.5 
Keysight E4980AL Precision LCR 2
20 K 300 K  1 kHz 1 MHz, 
1V LakeShore 335 Temperature Controller
1 K/min
Schmidtmann, B. Z. Hauptfleisch, Z. Anorg. Allg. Chem., 1999, 625, 1736. 
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Ed. 2002, 41, 2801. 
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Chem., 2008, 33, 635. 
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5
POM
pH 20
X
POM pH
pH
pH
POM
POM
(a)
(b)Mo
(c) /
POM

2017 2 23
